ABSTRACT The effect of UV irradiation on the extent and fidelity of DNA synthesis in vitro was studied by using homopolymers and primed single-stranded kX174 phage DNA polymerase I on irradiated 4X174 DNA has been observed. We propose that this nucleotide turnover is due to idling by DNA polymerase (i.e., incorporation and subsequent excision of nucleotides opposite UV photolesions, by the 3'_-5' "proofreading" exonuclease) thus preventing replication past pyrimidine dimers and the potentially mutagenic event that should result. In support of this hypothesis, DNA synthesis by DNA polymerase from avian myeloblastosis virus and by mammalian DNA polymerase a, both of which are devoid of any exonuclease activity, was found to be only partially inhibited, but not blocked, by UV irradiation of the template and accompanied by an increased incorporation of noncomplementary nucleotides. It is suggested that UV mutagenesis inbacteria requires an induced modification of the cellular DNA replication machinery, possibly an inhibition of the 3'-5' exonuclease activity associated with DNA polymerases.
ABSTRACT The effect of UV irradiation on the extent and fidelity of DNA synthesis in vitro was studied by using homopolymers and primed single-stranded kX174 phage DNA as substrates. Unfractionated and fractionated cellfree extracts from Escherichia colipoP' and polAl mutants as well as purified DNA polymerase I were used as sources of enzymatic, activity. (DNA polymerases, as used here, refer to deoxynucleosidetriphosphate:DNA deoxynucleotidyltransferase, EC 2.7.7.7.) The extent of inhibition of DNA synthesis on UV-irradiated kX174 DNA suggested that pyrimidine dimers act as an absolute block for chain elongation by DNA polymerases I and III. Experiments with an irradiated poly(dC) template failed to detect incorporation of noncomplementary bases due to pyrimidine dimers. A large increase in the turnover of nucleoside triphosphates to free monophosphates during synthesis by DNA polymerase I on irradiated 4X174 DNA has been observed. We propose that this nucleotide turnover is due to idling by DNA polymerase (i.e., incorporation and subsequent excision of nucleotides opposite UV photolesions, by the 3'_-5' "proofreading" exonuclease) thus preventing replication past pyrimidine dimers and the potentially mutagenic event that should result. In support of this hypothesis, DNA synthesis by DNA polymerase from avian myeloblastosis virus and by mammalian DNA polymerase a, both of which are devoid of any exonuclease activity, was found to be only partially inhibited, but not blocked, by UV irradiation of the template and accompanied by an increased incorporation of noncomplementary nucleotides. It is suggested that UV mutagenesis inbacteria requires an induced modification of the cellular DNA replication machinery, possibly an inhibition of the 3'-5' exonuclease activity associated with DNA polymerases.
UV irradiation of X and 4X174 bacteriophages results in killing, but not mutagenesis, of phage after infection of untreated host cells (1, 2) , whereas UV irradiation of the host cells causes mutagenesis of both untreated and irradiated phage (1) (2) (3) (4) .
Furthermore, UV-irradiated single-stranded qX174 DNA extracted from untreated host cells was found to be replicated only to the first pyrimidine dimer (5, 6). Caillet-Fauquet et al. (6) found that UV irradiation of the host cell leads to an enhancement of the DNA synthesis on UV-irradiated OX174 DNA in vivo, which led them to propose that pyrimidine dimers in the cX174 DNA can become mutagenic by causing misincorporation of deoxyribonucleotides opposite them.
This inducible mutagenic system is thought to be part of a complex cellular emergency response ("SOS induction") that is triggered by unrepaired DNA lesions (such as pyrimidine dimers). The response also includes the arrest of cellular division, the arrest of aerobic metabolism, and the induction of prophage in lysogenic bacteria (7, 8) .
DNA polymerases (deoxynucleosidetriphosphate:DNA deoxynucleotidyltransferase, EC 2.7.7.7) are known to be able to control the fidelity of DNA synthesis by selection of the correct nucleotide (9) and by possession of a "proof-reading" 3'-"5' exonuclease activity that can detect and excise 3'-terminal mismatched bases (10, 11) .
We have sought to understand the molecular mechanisms underlying UV-induced mutagenesis by an examination of the role of DNA (12) ; DNA polymerase I "large fragment," according to Setlow et al. (13) , was purchased from Boehringer Mannheim. One unit of enzyme activity incorporates 10 nmol of dNMP into acid-insoluble material during 30 min at 370 using the reaction conditions of Richardson et al. (14) . DNA polymerase a from calf spleen was purified through DEAE-cellulose, phosphocellulose, hydroxylapatite, and DNA-cellulose column chromatography (15 (covalently closed, replicative form) were annealed. Preparation of the two DNA species has been described (18 (6) . Fluxes were measured by a Latarjet dosimeter.
In Vitro Photoreversal of Pyrimidine Dimers. Photoreactivation of UV-irradiated 4X174 DNA was carried out in 0.15 M NaCI/0.015 M sodium citrate, pH 7.0, for 1 hr by flash photolysis at 370 in the presence of saturating amounts of photoreactivating enzyme. The flash light, 10 kW-sec (1 kW-hr = 3.6 X 106 J), was filtered through glass and water layers.
Cell-Free Extracts. Cells were grown to a concentration of 5 X 108 bacteria per ml in rich medium [1% (wt/vol) bactotryptone/0.5% (wt/vol) yeast extract, 1% (wt/vol) NaCI] supplemented with 15 jig of thymidine per ml when required, centrifuged at room temperature for 10 min at 8000 X g, resuspended in 0.02 vol of 10% (wt/vol) sucrose/50 mM Tris-HCl (pH 7.5) at room temperature, quickly frozen in liquid nitrogen, and stored at -200 until used. Cell-free extracts were prepared as described (19) .
Assays for DNA Synthesis. The assay mixtures (0.1 ml) for E. coli pol+ cell-free extract or purified DNA polymerase I contained 50 mM Tris-HCl(pH 8), 6 (22) . Knowing both the specific radioactivity of the OX174 DNA template and the fraction covered by the primer fragments, it was possible to express DNA synthesis as percentage acid-insoluble template replicated. Because a substantial fraction of the template was covered by primer fragments, both 5'-3' exonucleotic degradation and strand displacements of these primer fragments could increase the amount of template available for DNA synthesis. Thus, the estimates of the residual DNA synthesis on irradiated templates (see Table 1 ) may be overestimated. 0, Intact template; A, UV-irradiated template (100 J/m2); A, UV-irradiated (100 J/m2) photoreactivated template; o, reaction without template; *, reaction in the presence of 0.2 M KC1. 500-1000 cpm/pmol. Reactions were carried out at 300, aliquots were withdrawn at indicated times and spotted onto GF/C glass fiber filters, which were washed by the method of Bollum (20) , and radioactivity was measured in Omnifluor scintillation fluid.
Assays for Misincorporation. Assays for misincorporation are described in the legend to Table 2 (Fig. 1B) or by purified E. coil DNA polymerase I "large fragment" (Fig.   IC ). In agreement with previous studies (23) (24) (25) (26) , all three polymerization reactions were similarly inhibited by UV irradiation of the 4X174 DNA template. The dose response of the inhibition of DNA synthesis suggests that each pyrimidine Proc. Nati. Acad. Sci. USA 75 (1978) (Fig. 1A) . The probable reason that the restoration of template activity was not more efficient is that only one of the four possible isomers of pyrimidine dimers induced by UV irradiation of the single stranded DNA can be photoreactivated (27) .
Turnover of Nucleoside Triphosphates during DNA Synthesis by DNA Polymerase I on UV-Irradiated Template. E. coli DNA polymerases I and III possess the "proofreading" 3'1-5' exonuclease activity which could clearly be involved in the failure of these enzymes to replicate a damaged template. To examine this possibility, both incorporation of nucleoside monophosphates from labeled triphosphates into primed +X174 DNA and subsequent production of free nucleoside monophosphates from incorporated labeled nucleotides were followed in a single assay during synthesis by DNA polymerase I (large fragment) using unirradiated and irradiated DNA as templates (see Materials and Methods and legend to Fig. 2 ).
This analysis was done with a purified DNA polymerase fraction that was free of DNA-independent triphosphatases. In addition, the large fragment of DNA polymerase I (13), which lacks the 5'-"3' exonuclease (nick translation) but possessess the 3'-"5' exonuclease activity, was used to avoid possible production of free monophosphates by the 5'-'3' exonuclease degradation of newly incorporated nucleoside monophosphates. Results obtained with [3H]dTTP ( Fig. 2A) The observed production of nucleoside monophosphates by DNA polyMrase I on a damaged template, even in the absence of detectable DNA synthesis, could be explained by repeated attempts of the polymerase to incorporate nucleotides opposite pyriridine dimers, followed by exonucleolytic 3'tio5' excision of the resulting nucleoside monophosphates. We will refer to this phenomenon as polymerase "idling."
Extent of DNA Synthesis on UV-Ieadiated bX174 DNA by AMV DNA Polymerase. If the 3' 5' exonuclease activity of E. comt DNA polymerases I and III were to remove nucleotides inserted opposite (or near) pyrimidine dimers, thereby effectively blocking replication past dimers, the DNA polymerases lacking the 3rae I35' exonuclease may replicate a damaged template more effectively than polymerases having this activity. Fig. 3 shows that this is true for AMV reverse transcriptase, an error-prone DNA polymerase devoid of any exonuclease activity (16) , which copies UV-irradiated kX174 DNA far above the level copied by E. coli DNA polymerase I.
Fidelity and Extent of DNA Synthesis on UV-Irradiated Poly(dC) Template. Pyrimidine dimers are bulky structural deformations in DNA and are the principal UV-induced mutagenic lesions (8) that drastically affect hydrogen bonding properties of the involved bases If they were frequently copied, the overall effect would be a higher rate of incorporation of incorrect bases than on an unirradiated template. To study the fidelity of in vitro DNA synthesis, three different DNA Biochemistry: ViRani et al. polymerases were tested with UV-irradiated and intact poly(dC) ( Table 2 ) and poly(dT) (results not shown) homopolymers as templates. Synthesis by E. coli DNA polymerase III showed the highest fidelity and the greatest sensitivity to inhibition by UV-irradiation, whereas synthesis by purified, exonuclease-free, mammalian DNA polymerase a and by AMV reverse transcriptase was less inhibited by UV-irradiation and showed a high increase in misincorporation. DISCUSSION E. colt DNA polymerases I and III possess the same enzymatic activities (12) . Once initiated, DNA synthesis by these two enzymes appears to be similar by all measureable parameters (12, 22) and their behaviors toward pyrimidine dimers also appear to be similar in two different experiments ( Fig. 1 and Table 1 ). Therefore, all we have learned about DNA synthesis by DNA polymerase I on irradiated template may also apply to DNA polymerase III,t which is more likely to be involved in UVinduced mutagenesis (28) .
Because there is an absolute blockage of DNA synthesis ( Fig.  1) and an excessive turnover of nucleoside triphosphates ( Fig.  2 ) with E. colt DNA polymerase I at pyrimidine dimers and (10, 000 cpm/pmol) as incorrect nucleotide and were incubated for 4 hr at 300, during which all reaction kinetics were found to be linear. Reactions were stopped by addition of 100 Ml of carrier DNA at 1 mg/ml and 2 ml 1096 perchloric acid and pelleted by centrifugation. To eliminate excess soluble radioactivity, pellets were resuspended in 0.2 M NaOH, reprecipitated twice with perchloric acid, and finally spotted onto GF/C glass fiber filters (20) . The subtracted blank values (no template added) for dATP were 400-700 cpm. * Additional results of synthesis by E. coli DNA polymerase III on templates at low UV fluxes are given in order to facilitate comparison of error frequency at levels of inhibition of DNA synthesis similar to those found for the other polymerases.
because such blockage is not observed with purified AMV DNA polymerase ( Fig. 3) and human DNA polymerases a, fl, and y (15, 24, 26) devoid of detectable 3'-5' exonuclease activity, it is likely that the 3'-5' exonuclease (proofreading) activity is responsible for the lack of DNA synthesis past pyrimidine dimers in vitro and in vtvo. We propose that the 3'-*5' exonuclease activity provokes idling of DNA polymerase at each nonpairing DNA lesion, due to repeated excision of all nucleotide residues incorporated opposite such DNA lesions. In this way, the exonuclease activity prevents chain elongation. The same proofreading activity could clearly account for lack of mutagenesis of UV-irradiated phage in unirradiated host cells (1, 2) . The observed increased efficiency of repair and mutagenesis of irradiated phage in irradiated cells (14, 6) (6, 26) , as well as from lesions other than pyrimidine dimers. Genetic studies have suggested that there is a class of "nonpairing" (as distinguished from mispairing) DNA lesions, such as pyrimidine dimers, that induce a mutagenic capacity (SOS repair) in bacteria (7, 8, 15) . The production of free monophosphates by DNA polymerases idling at such nonpairing DNA lesions may well be the initial inducing signal leading to the inactivation of X repressor (31) and of cellular SOS repressors (26, 32) , probably by proteolytic cleavage. If SOS induction produced an inhibition of the 3'-'>5' exonuclease activity, this would lead to diminished production of free nucleoside monophosphates. It would also permit DNA synthesis across DNA lesions, and hence turn off the inducing signal. This simple mechanism would account for the observation that mutagenic DNA repair is turned on after damage to DNA and then off again once DNA synthesis is restored.
A discussion relating results of this paper to DNA repair and mutagenesis of double-stranded DNA genomes of both bacterial and mammalian cells by UV light and other mutagens can be found elsewhere (15, 26 
